INTRODUCTION
============

*Helicobacter pylori*, a spiral, microaerophilic, Gram-negative bacteria that colonizes gastric epithelial cells.[@b1-gnl-09-358]--[@b3-gnl-09-358] *H. pylori* is estimated to have infected more than half of all people worldwide.[@b4-gnl-09-358],[@b5-gnl-09-358] *H. pylori* is a major cause of chronic gastritis, gastric and duodenal ulcers, gastric carcinomas, and mucosa-associated lymphoid tissue lymphoma.[@b3-gnl-09-358],[@b6-gnl-09-358] The severity of *H. pylori*-related disease, however, varies greatly among infected individuals and seems to be influenced by both host and bacterial factors.[@b5-gnl-09-358],[@b7-gnl-09-358]

To date, little is known about the nature of the *H. pylori*-induced proinflammatory signals and the intracellular signals directing the activation of immediate early response transcription factors. *H. pylori* strains containing a cluster of 31 genes known as the cytotoxin-associated gene pathogenicity island (*cag*PAI) are more frequently associated with severe gastric inflammation, ulceration and an increased risk of gastric cancer.[@b8-gnl-09-358]--[@b10-gnl-09-358] Especially, the *cag*PAI genes are proposed to encode a type IV secretion apparatus which is thought to mediate the translocation of protein effector molecules into its target host cell.[@b11-gnl-09-358] Given that a functional type IV secretion apparatus is required for *H. pylori*-induced nuclear factor κB (NF-κB) activation in gastric epithelial cells, it is suggested that an intracellular receptor may be involved in recognition of an *H. pylori* product that is presented in the cells.

Recently, the cytosolic host protein nucleotide binding oligomerization domain 1 (Nod1) has emerged as a key pattern recognition molecule (PRM) for innate immune responses in epithelial cells.[@b12-gnl-09-358] This protein acts as an intracellular 'sensor' of bacterial pathogens through its recognition of cell wall peptidoglycan (PG).[@b12-gnl-09-358] As a result of detailed molecular studies, human Nod1 was shown to exhibit exquisite specificity for a diaminopimelate containing GlcNAc-MurNAc tripeptide motif that is almost exclusively found in Gram-negative bacterial PG.[@b13-gnl-09-358] In addition, the dipeptide γ-D-glutamyl-*meso*-diaminopimelic acid was revealed as the key structures recognized by Nod1.[@b14-gnl-09-358] Later, Nod1 recognition of *H. pylori* PG was shown to result in NF-κB activation and subsequent interleukin (IL)-8 production in epithelial cells.[@b5-gnl-09-358] However, the precise mechanism by which this extracellular pathogen is able to induce proinflammatory responses in gastric epithelial cells has remained obscure. Furthermore, little is known about the role of Nod1 as a signal transducer in *H. pylori*-infected gastric epithelial cells.

Neutrophil plays a central role in host defense by migrating to the site of infection and eliminating pathogen. The mechanisms underlying the movement of neutrophils from the bloodstreams to sites of infection are complex and involve numerous adhesion molecules, cytokines and chemoattractants that function to neutrophils. Especially, IL-8 is recognized as an important cytokine in transepithelial neutrophil migration of *H. pylori* infection. Therefore, the purpose of the present study is to elucidate the mechanism by which *H. pylori* leads to transepithelial neutrophil migration in a Nod1-mediated manner.

MATERIALS AND METHODS
=====================

1. Cell lines and cell culture
------------------------------

Human gastric epithelial cell line AGS (ATCC CRL 1739), human colon epithelial line Caco-2 (ATCC HTB-37) were cultured in DMEM and RPMI 1680 supplemented with 10% fetal bovine serum (FBS) and 2 mM *L*-glutamine (Gibco, Invitrogen, Carlsbad, CA, USA) in 5% CO~2~ at 37°C.

MKN-45, Kato III, and U-937 cells were cultured in DMEM and RPMI 1640 supplemented with 10% FBS and 2 mM *L*-glutamine (Gibco, Invitrogen) in 5% CO~2~ at 37°C.

2. Bacteria and infection protocols
-----------------------------------

Clinically isolated *cag*(+) *H. pylori* strain, HP99, were provided from H.C. Jung (Seoul National University College of Medicine, Seoul, Korea). To examine the role of *cag*PAI, ATCC 60190 strain and its *cag*PAI knockdown *H. pylori* strains (CagA^−^ and CagE^−^) were obtained from Y.C. Lee (Yonsei University College of Medicine, Seoul, Korea). Epithelial cells grown to confluent were infected with bacteria at a multiplicity of 200.

3. Generation of stably transfected cell lines with dominant-negative Nod1
--------------------------------------------------------------------------

AGS and Caco-2 cells were stably transfected with dominant-negative (DN) Nod1 expression vector (pcDNA3-Nod1ΔCARD-myc) or with control empty vector (pcDNA3) by using Lipofectamine Plus (Invitrogen, Carlsbad, CA, USA), respectively. pcDNA3-Nod1ΔCARD-myc was provided by G. Nunez (University of Michigan, Ann Arbor, MI, USA).

Each of 0.2 and 0.5 mg/mL G418-resistant colonies were isolated by using glass cloning cylinders.

Production of DN-Nod1 in cells stably transfected with pcDNA3-Nod1ΔCARD-myc was determined by immunoblotting with monoclonal anti-myc antibody.

4. RNA extraction and reverse transcription-polymerase chain reaction
---------------------------------------------------------------------

Total cellular RNA was extracted with RNeasy mini kit (Qiagen, Valencia, CA, USA) and treated with RNase-free DNase to remove any contaminating genomic DNA and stored frozen at −70°C until before using. Total RNA is reverse transcribed into cDNA using SuperScript^®^II Reverse Transcriptase (Invitrogen). For reverse transcription polymerase chain reaction (RT-PCR), 1 μg of total cellular RNA was reverse transcribed, and cDNA was amplified as described previously.[@b15-gnl-09-358] The β-actin primers were sense primer 5′-TGACGGGGTCACCCACACACTGTGCCCATCTA-3′ and antisense primer primer 5′-CTAGAAGCATTGCGGTGGACGATGGAGGG-3′, and IL-8 primers were sense primer 5′-ATGACTTCCAAGCTGGCCGTGGCT-3′ and antisense primer 5′-TCTCAGCCCTCTTCAAAAACTTCTC-3′. These sets of primers yielded PCR products that were 661 and 289 bp long, respectively. After a hot start, the amplification profile was 45 seconds of denaturation at 95°C and 45 seconds of annealing and extension at 72°C, and 1 minute of denaturation at 95°C and 2.5 minutes of annealing and extension at 60°C for 30 cycles, respectively. Negative control reaction mixtures contained no added RNA in the RT reaction mixtures and no cDNA in the PCR amplification mixtures.

5. Real-time RT-PCR
-------------------

For real-time PCR, 1 μL of cDNA was amplified by using an ABI Prism 7300 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) with 2×SYBR Green master mixture (Qiagen GmbH, Hilden, Germany) as described previously.[@b16-gnl-09-358],[@b17-gnl-09-358] The β-actin primers were sense primer 5′-AAGATGACCCAGATCATGTT-3′ and antisense primer primer 5′-GCGACATAGCACAGCTTCT-3′, and IL-8 primers were sense primer 5′-ACATGACTTCCAAGCTGGCC-3′ and antisense primer 5′-CAGAAATCAGGAAGGCTGCC-3′. A 25 μL of mixture consisting 1 μL of cDNA, 10 μL of 2×SYBR Green master I mixture and primers was amplified 40 times repeatedly under 15 seconds in 95°C, 1 minute in 60°C using 7300 Real-Time PCR System.

6. Enzyme-linked immunosorbent assay
------------------------------------

To measure the secreted IL-8 on media, enzyme-linked immunosorbent assay (ELISA) was performed. ELISA plate was coated with monoclonal antihuman IL-8 antibody (Endogen, Boston, MA, USA) in a coating buffer (14.2 mM Na~2~CO~3~, 34.9 mM NaHCO~3~, 3.1 mM NaN~3~, pH 9.6) and incubated overnight at room temperature. The plate was washed three times with phosphate-buffered saline (PBS) containing 0.05% Triton X-100 and blocked with PBS containing 1% bovine serum albumin (Sigma, St. Louis, MO, USA) in 0.05% Triton X-100 for 2 hours at 37°C. Then the plate was washed again three times and biotin-labeled detecting antibody, and HRP-conjugated Streptavidin were added to each well incubated for 1 hour at 37°C. After washing three times with PBS containing 0.05% Triton X-100 color was developed by adding a TMB substrate solution to the wells. The absorbency at 405 nm was measured using an ELISA reader. ELISA was sensitive to Ab concentration of 8 ng/mL.

7. Western blotting
-------------------

The cells were twice washed with cold PBS and collected by scraping after PRO-PREPTM (Intron Biotechnology, Seongnam, Korea). Then the cells were lysed in ice for 30 minutes with lysis buffer. The lysates were clarified by centrifugation in 12,000 rpm, 30 minutes at 4°C and the supernatant was collected. The protein concentration was determined using the Bradford assay. Then 30 μg of protein from each sample were boiled for 5 minutes and separated by SDS-PAGE using 12% separating gels. The protein was electrophoretically transferred to a Nitrocellulose Transfer Membrane (Whatman GmbH, Dassel, Germany) and blocked with 5% BSA in TBS-T buffer (20 mM Tris base, 1.37 mM NaCl, 0.05% Tween-20, pH 7.6) overnight at 4°C. The membrane was incubated with anti-IκB-α antibody (Santa Cruz Biotechnolgy, Santa Cruz, CA, USA) and antiphospho-IκB-α antibody (Santa Cruz Biotechnology) for 2 hours. After washing with TBS-T three times, the membrane was incubated with HRP-conjugated secondary antibody in TBS-T at 1:2,000 dilution for 1 hour. The blots were processed with an enhanced chemiluminescence (ECL) kit (Santa Cruz Biotechnology) and were performed with Bio-Imagin RAS 1000 plus (Fugifilm, Tokyo, Japan).

8. Electrophoretic mobility shift assay
---------------------------------------

Nuclear extracts and cytoplasmic extract were prepared with NE-PER^®^ Nuclear and Cytoplasmic Extraction Reagents (Pierce, Rockford, IL, USA). Probe labeling were performed with Biotin 3′ End DNA Labeling Kit (Pierce) using NF-κB consensus oligonucleotide, 5′-AGT TGA GGG GAC TTT CCC AGG C-3′. Nucleic extracts were obtained 60 minutes after infection. After extracted proteins were electrophoresis with 0.5X TBE in 6% polyacrylamide gel, using LightShift Chemiluminescent Electrophoretic Mobility Shift Assay (EMSA) Kit (Pierce), it was transferred at nylon membrane. Then the membrane was cross-linked at transilluminator for 10 minutes and was developed with Bio-Imagin RAS 1000 plus.

9. Monolayer epithelial culture and measurement of confluency
-------------------------------------------------------------

Human colonic epithelial Caco-2 confluent monolayers were grown on Transwell^®^ (Costar, Cambridge, MA, USA) with polycarbonate membrane (3.00 μm pore size) coated cell matrix type I collagen (Nitta Gelatine, Tokyo, Japan) in Dulbecco's modified Eagle's medium. Cells were seeded onto inverted inserts and were allowed to attach overnight, after which the inserts were placed upright into 24-well culture plates, thus orienting the basolateral side of the monolayer upward. Confluency and integrity of monolayers was assessed by measuring the electrical resistance using Millicell-ERS (Millipore Corp., Bedford, MA, USA), which permits measurements on monolayers grown on inserts. We tested our system on cells cultured at everyday since these cells develop electrical resistances that increase with time of culture. We used monolayers that developed suitable transepithelial resistances. We obtained sufficient electrical resistance (≥500 ohm m^2^) when Caco2 cells were cultured for more than 2 weeks. Subsequently, epithelial transmigration of neurtophil was induced using confluency and integrity of monolayers epithelial cell culture.

10. Preparation of neutrophils
------------------------------

Citrated venous blood from healthy human was separated into a granulocyte-rich fraction by Ficoll (Hitopaque; Sigma, St. Louis, MO, USA) and dextran-sedimentation techniques. Residual erythrocytes were eliminated by hypotonic lysis in 0.2% sodium chloride. This resulted in a cell fraction containing approximately more than 90% neutrophils with 98% to 99% viability as determined from trypan blue dye exclusion.

11. Measurement of neutrophil migration
---------------------------------------

HP99 strains were infected for more than 24 hours in Caco-2 cells. 1×10^6^ cell/mL of neutrophils were added to Caco-2 cells in the presence of HP99, where bacteria were still infected in Caco-2 cells. We assessed the interaction between neutrophil and Caco-2 cells by checking electrical resistance at 0, 1, 2, 4, 8, and 24 hours after infection. The number of transmigrating neutrophil was quantified by Neubauer hemocytometers (VWR International, Lutterworth, UK). The cover glass was applied carefully so that diffraction patterns could be seen where the cover glass sat on the chamber body. The neutrophils trapped in the suspension was then applied and allowed to fill the chamber. After allowing the neutrophils to settle into one focal plane, we counted the number in the whole grid.

12. Statistical analysis
------------------------

The Student t-test was used for numerical data, whereas the Mann-Whitney U-test was used for categorical data as appropriate. Data were analyzed using one-way analysis of variance for multiple comparisons. p values of \<0.05 were considered statistically significant.

We obtained the Institutional Review Board permission for blood sampling from Chung-Ang University Hospital (C2014026).

RESULTS
=======

1. *cag*(+) *H. pylori* infection increases IL-8 mRNA levels and IL-8 protein release in human gastric (AGS) and colon epithelial cell lines (Caco-2)
-----------------------------------------------------------------------------------------------------------------------------------------------------

First, we determined the expression of Nod1 and Nod2 in three human gastric epithelial cell lines (AGS, MKN-45, and Kato III) and U-937. As a result, Nod1 proved to be expressed in gastric epithelial cells and U-937. However, Nod2 was hardly expressed in the AGS cells ([Fig. 1](#f1-gnl-09-358){ref-type="fig"}). Therefore, AGS cells are suitable for verifying the role of Nod1. Subsequently, human gastric epithelial cells AGS and human colonic epithelial cells Caco-2 were infected with *cag*(+) *H. pylori* strain, HP99. We performed qualitative RT-PCR to examine the IL-8 mRNA expression in HP99-infected AGS cells.

As shown in [Fig. 2](#f2-gnl-09-358){ref-type="fig"}, incubation of AGS cells with HP99 resulted in the increased expression of IL-8 mRNA compared with those in controls by 4 hours after infection. IL-8 mRNA expression and secretion of IL-8 protein into the culture medium were confirmed by the real-time RT-PCR and by ELISA. As assayed by real-time PCR, IL-8 mRNA expression in AGS cells in response to infection with HP99 was significantly increased within the first 4 hours after infection ([Fig. 2B](#f2-gnl-09-358){ref-type="fig"}). In addition, infected cells responded to produce a mean level in excess of 500 pg/mL of IL-8 by ELISA ([Fig. 2C](#f2-gnl-09-358){ref-type="fig"}).

As shown in [Fig. 3](#f3-gnl-09-358){ref-type="fig"}, incubation of Caco-2 cells with HP99 also resulted in the increased expression of IL-8 mRNA by PCR ([Fig. 3A](#f3-gnl-09-358){ref-type="fig"}) and real-time RT-PCR ([Fig. 3B](#f3-gnl-09-358){ref-type="fig"}), respectively. During the coincubation, IL-8 secretion by Caco-2 cells infected with HP99 reached high value at approximately 4 hours of coincubation, and remained high during further coincubation. Especially, IL-8 secretion by Caco-2 cells infected with HP99 was rapid but weak when compared with AGS cells by ELISA ([Fig. 3C](#f3-gnl-09-358){ref-type="fig"}).

2. Components of the *cag*PAI is fundamental for IL-8 induction in epithelial cells
-----------------------------------------------------------------------------------

The role of *cag*PAI was examined comparing wild type *H. pylori* strain (ATCC 60190) with *cag*PAI knockdown *H. pylori* strain (CagA^−^ and CagE^−^). To assay IL-8 mRNA expression in wild type *H. pylori*-infected compared with *cag*PAI knockdown *H. pylori*, IL-8 mRNA levels were determined by real-time PCR. As a result, IL-8 mRNA levels were decreased by *cag*PAI knockdown strains than wild type *H. pylori* in AGS cells at 5 hours after infection ([Fig. 4A](#f4-gnl-09-358){ref-type="fig"}). As shown in [Fig. 4B](#f4-gnl-09-358){ref-type="fig"}, IL-8 mRNA levels were higher in the wild type *H. pylori*-infected cells than *cag*PAI knockdown *H. pylori*-infected cells by 12- to 14-fold. We tested the wild type and *cag*PAI knockdown *H. pylori* for their ability to induce IL-8 release from AGS cells. As a result of ELISA, knockdown mutants displayed a reduced ability to mediate IL-8 release, compared with the wild type ([Fig. 4C](#f4-gnl-09-358){ref-type="fig"}). The NF-κB activation by *cag*PAI knockdown *H. pylori* infection was monitored by Western blotting. As a result, IκB-α degradation and IκB-α phosphorylation were reduced in the AGS cells infected with *cag*PAI knockdown *H. pylori* compared with those infected with wild type ([Fig. 4D](#f4-gnl-09-358){ref-type="fig"}). Comparison of NF-κB activation between *cag*PAI knockdown strains and wild type strain in AGS cells was made by EMSA. As a result, NF-κB binding in AGS cells infected with *cag*PAI knockdown strains were reduced compared with that in those infected with wild type strain ([Fig. 4E](#f4-gnl-09-358){ref-type="fig"}).

3. Nod1-mediated intracellular signaling induces NF-κB activation and promotes IL-8 production
----------------------------------------------------------------------------------------------

To investigate whether Nod1 might be involved in *cag*PAI-dependent recognition of *H. pylori*, we established Nod1-deficient cell lines by stable transfection of DN-Nod1 construct into AGS cells. To assay IL-8 mRNA expression in DN-Nod1 stably transfected AGS cells, IL-8 mRNA levels were determined by qualitative PCR. As a result, IL-8 mRNA expression in these cells were reduced compared with those in controls ([Fig. 5A](#f5-gnl-09-358){ref-type="fig"}). As shown in [Fig. 5B](#f5-gnl-09-358){ref-type="fig"}, decreased expression of IL-8 mRNA in DN-Nod1 stably trasfected AGS cells was observed in real-time RT-PCR assay. In order to determine whether Nod1 regulates IL-8 secretion, DN-Nod1 stably transfected AGS cells along with the controls were stimulated with HP99, and cell culture supernatants were collected. At 4 hours after infection, we observed approximately 4-fold induction of IL-8 in DN-Nod1 stably transfected AGS cells, compared with approximately 18-fold in the control vector transfected cells ([Fig. 5C](#f5-gnl-09-358){ref-type="fig"}). Western blotting showed that IκB-α degradation and IκB-α phosphorylation were reduced in DN-Nod1 stably transfected AGS cells compared with those in controls ([Fig. 5D](#f5-gnl-09-358){ref-type="fig"}). To evaluate Nod1-dependent NF-κB activation, we performed EMSA. As shown in [Fig. 5E](#f5-gnl-09-358){ref-type="fig"}, NF-κB binding in DN-Nod1 stably transfected AGS cells infected with HP99 was reduced compared with those in controls.

As shown in [Fig. 6](#f6-gnl-09-358){ref-type="fig"}, DN-Nod1 stably transfected Caco-2 cells were infected with HP99, followed by PCR, real-time RT-PCR, and ELISA. Similar to the response in DN-Nod1 stably transfected AGS cells, IL-8 mRNA expression and IL-8 secretion in DN Nod1-transfected Caco-2 cells were reduced compared with those in control, respectively ([Fig. 6](#f6-gnl-09-358){ref-type="fig"}).

4. Nod1 determines the activation of IL-8 production independently of the *cag*PAI
----------------------------------------------------------------------------------

As shown in [Fig. 7B](#f7-gnl-09-358){ref-type="fig"}, decreased expression of IL-8 mRNA in DN-Nod1 stably trasfected AGS cells infected with *cag*PAI knockdown strain was observed in real-time RT-PCR assay. In addition, ELISA showed that DN-Nod1 stably trasfected AGS cells infected with *cag*PAI knockdown strain displayed a reduced ability to mediate IL-8 release, compared with those infected with wild type ATCC 60190 ([Fig. 7C](#f7-gnl-09-358){ref-type="fig"}).

5. Nod1-mediated intracellular signaling induces transepithelial migration of the neutrophils
---------------------------------------------------------------------------------------------

In this study, proper resistance was defined as in case of ≥500 Ωm^2^ in Caco-2 monolayer. The change of the electrical resistance in DN-Nod1 stably transfected Caco-2 cells was lower than that in control vector transfected Caco-2 cells ([Fig. 8](#f8-gnl-09-358){ref-type="fig"}). Quantification of transepithelial migration of neutrophil after HP99 infection in polarized inverted Caco-2 monolayer showed that neutrophil migration in DN-Nod1 transfected Caco-2 cells was reduced compared with that in control vector transfected Caco-2 cells ([Fig. 9](#f9-gnl-09-358){ref-type="fig"}).

DISCUSSION
==========

These experiments demonstrate that *cag*PAI-dependent *H. pylori* recognition can be mediated by intracytoplasmic signaling via NOD1. This resulted in induction of neutrophil migration through NF-κB activation and subsequent IL-8 production.

Induction of the host epithelial cell proinflammatory gene program is essential for rapid activation of the host mucosal inflammatory response and is important for bacterial clearance and host survival following infection with enteric pathogens.[@b18-gnl-09-358] However, no direct evidence for the link between induction of proinflammatory gene expression by *H. pylori* and a host antimicrobial response has been established so far. To characterize the regulated expression of IL-8 in response to *H. pylori* infection, we used the human gastric epithelial cell line, AGS as well as human colonic epithelial cell line, Caco-2. Gastric cell lines derived from adenocarcinomas are extensively used as model systems for the study of microbial pathogenesis.[@b2-gnl-09-358] Especially, AGS cell line is known to provide useful models of the interaction between *H. pylori* and the gastric mucosa, and have been shown to respond to *cag*PAI(+) *H. pylori* in a Nod1-dependent manner.[@b19-gnl-09-358],[@b20-gnl-09-358] Consistent with previous reports, this study presented that AGS cells were compatible with Nod1 expression.

It has been known that *H. pylori* strains harboring a T4SS, encoded by the *cag*PAI, induce greater levels of NF-κB activation and IL-8 secretion than *cag*PAI lacking strains.[@b7-gnl-09-358],[@b21-gnl-09-358],[@b22-gnl-09-358] Nevertheless, the exact mechanism by which PG may enter the host cell via the actions of the T4SS, so as to initiate these Nod1-dependent responses, has remained elusive. Therefore, the present study intended to demonstrate that the Nod1 stimulates to an increased activation of NF-κB downstream and a greater degree of mediation of inflammation. As a result, this study revealed that *cag*PAI(+) *H. pylori* activated gastric epithelial cell NF-κB, leading to upregulation of IL-8 mRNA transcription and IL-8 protein production. It was also evident in colonic epithelial cells Caco-2.

Infection with a *cag*PAI(+) *H. pylori* strain causes a higher grade of gastric mucosal inflammation than an infection caused by a negative strain.[@b3-gnl-09-358],[@b7-gnl-09-358],[@b23-gnl-09-358],[@b24-gnl-09-358] This led us to determine whether *cag-*PAI(+) and *cag*PAI knockdown strains of *H. pylori* differ in their ability to activate epithelial cell inflammatory responses. As a result, NF-κB activation was impaired in *cag*PAI knockdown *H. pylori*-infected AGS cells compared with *cag*PAI(+) *H. pylori*-infected AGS cells. Considering NF-κB activation actually lead to increased proinflammatory cytokine release, we analyzed the IL-8 release by AGS cells in response to *H. pylori* wild type and the *cag*PAI knockdown strains, respectively. As expected, *cag*PAI knockdown *H. pylori* did not induce IL-8 production so much as wild type *H. pylori* induced IL-8. Thus, the reduced IL-8 release from *cag*PAI knockdown *H. pylori*-infected AGS cells corroborates the observation that *cag*PAI mutant strains induce weak activation of transcription factors.[@b10-gnl-09-358]

Nod1 is thought to function in innate and adaptive immunity that determines the balance between health and disease. Recognition of *H. pylori* PG activates signaling cascades that culminate in the secretion of proinflammatory mediators, including chemokines and antimicrobial peptides. The process of *H. pylori* transferring its PG into the host epithelial cell, and its subsequent recognition by Nod1, results in the activation of NF-κB and the production of IL-8.[@b3-gnl-09-358],[@b6-gnl-09-358],[@b21-gnl-09-358] In order to investigate the NF-κB activation by Nod1 in AGS and Caco-2 cells, we generated stably transfected DN-Nod1 cell lines. To further characterize cell responses in DN-Nod1 stably transfected AGS and Caco-2 cells, we ascertained that DN-Nod1 stably transfected AGS and Caco-2 cells were poorly responsive to *cag*PAI(+) *H. pylori* and resulted in reduced IL-8 production. Especially, NF-κB binding was severely impaired in DN-Nod1 stably transfected AGS and Caco-2 cells with *cag*PAI(+) *H. pylori*. These data indicate that the Nod1 signaling pathway is significantly impaired in DN-Nod1 stably transfected AGS and Caco-2 cells. We tested the immune responses under *cag*PAI-/Nod1-independent condition in *H. pylori* infection. As shown in [Fig. 7](#f7-gnl-09-358){ref-type="fig"}, DN-Nod1 stably transfected AGS cells infected with *cag*PAI knockdown strain did not show significant reduction in IL-8 production, compared with those infected with wild type strain. This indicates that *cag*PAI mutant strains also induce weak activation of NF-κB and subsequent IL-8 production under condition where Nod1 does not work. Furthermore, this phenomenon suggests the existence of another effector molecules which act effectively on the intracellular signal transduction. Actually, PG present in *H. pylori*-derived outer membrane vesicles was described to upregulate NF-κB and Nod1-dependent responses.[@b12-gnl-09-358] Although interactions between host cells and bacterial vesicles have been described *in vitro*, details are still poorly understood.[@b4-gnl-09-358]

Based on the results, we assume that NF-κB activation in *H. pylori*-infected epithelial cells depends on Nod1, which occupies a key position in a signal transduction pathway. The neutrophil transmigration assay using inverted cell culture monolayers of polarized cells has been described. In many previous studies human colon epithelial cell lines, especially Caco-2 monolayer are suitable for intestinal epithelial transport model system.[@b15-gnl-09-358],[@b25-gnl-09-358],[@b26-gnl-09-358] Unfortunately, there is no suitable gastric epithelial monolayer yet. Actually, our attempts to confirm the formation and its confluence of monolayer using gastric epithelial cell line AGS cells have not been successful (data not shown).

Invasion by microbial pathogens at mucosal surfaces elicits the infiltration of neutrophils, which subsequently use potent effector mechanisms including inflammatory mediators to eliminate pathogens. A consequence of the innate inflammatory response at mucosal surfaces influneces in the infiltration of neutrophils from the bloodstream to the epithelium. Neutrophils travel across this epithelial barrier into the lumen in order to confront colonizing pathogenic bacteria. The present study demonstrated that signaling pathway through Nod1 might act as a regulator of neutrophil migration in resistance and permeability of epithelial layer. It also indicates that transepithelial neutrophil migration is under the control of the Nod1-mediated intracellular signaling pathway. The reduced neutrophil migration in DN-Nod1 stably transfected cells indicates that the transcriptional activation of IL-8 and IL-8 secretion by the cells might be directly correlated with activation of Nod1-mediated intracellular signaling. Therefore, clinical application of this experimental model to develop new agents may succeed in attenuating inflammatory damage, and in this infectious process, may even decrease bacterial invasion of epithelial cells.

Our experiments identified the intracellular protein Nod1 as being a major PRM involved in epithelial cell sensing of *cag-*PAI(+) *H. pylori* bacteria. This statement is based on several lines of experimental evidence. First, we demonstrated that the Nod1-expressing AGS and Caco-2 cells responded specifically to stimulation with *cag*PAI(+) *H. pylori* strains. Secondly, we established the role of *cag*PAI as a virulence factor in gastric epithelial inflammation using *cag*-lacking model. Thirdly, we made certain that stable transfection of AGS and Caco-2 cells with a DN-Nod1 construct inhibited *H. pylori*-induced NF-κB reporter activity in the cells. This indicates that DN Nod1-transfected AGS cells be affected in their ability to mount pro-inflammatory responses to the bacterium. Finally, we showed that Nod1-mediated intracellular signaling pathway can elicit the neutrophil recruitment and migration across the epithelial layer. The gastric and colonic cell lines used in these studies are stably transfected and, in this regard, differ from normal gastric and colonic epithelial cells. However, we noted that despite their different origins, an identical array of proinflammatory cytokine was consistently upregulated in each of the cell lines in response to *H. pylori* infection.

In summary, we concluded that Nod1 constitutively expressed by human gastric epithelial cells is essential for the activation of NF-κB and the upregulated production of important epithelial cell chemoattractants in a physiologic system in which human gastric epithelial cells are infected with *H. pylori* that bypasses TLR signaling. If the mechanism by which *H. pylori* activates the host innate immune system are addressed in detail, it should be possible to design novel therapies aimed at inhibiting or reducing the inflammation induced by this mucosal pathogen.
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![Expression of nucleotide binding oligomerization domain 1 (Nod1) and Nod2 in AGS, MKN-45, Kato III, and U-937 cell lines. Nod1 was expressed in three gastric epithelial cells and U-937 cells. However, Nod2 was expressed at very low levels in AGS cells.](gnl-09-358f1){#f1-gnl-09-358}

![Interleukin (IL)-8 mRNA expression and IL-8 production in AGS cells infected with cytotoxin-associated gene pathogenicity island (*cag*PAI) (+) *Helicobacter pylori* (HP99). (A) As assayed by qualitative reverse transcription-polymerase chain reaction (RT-PCR), the incubation of AGS cells with HP99 resulted in increased IL-8 mRNA expression compared with that in controls by 24 hours after infection. (B) IL-8 mRNA expression in response to infection with HP99 was significantly increased at 4 hours after infection, as determined by real-time RT-PCR. (C) As determined by enzyme-linked immunosorbent assay, infected cells produced IL-8 at a mean level in excess of 500 pg/mL. The error bars indicate the standard error of the mean of triplicate samples, which were representative of three independent experiments.](gnl-09-358f2){#f2-gnl-09-358}

![Interleukin (IL)-8 mRNA expression and IL-8 production in Caco-2 cells infected with HP99. (A) As assayed by qualitative reverse transcription-polymerase chain reaction (RT-PCR), the incubation of Caco-2 cells with HP99 resulted in the increased expression of IL-8 mRNA compared with that in controls 24 hours after infection. (B) The incubation of Caco-2 cells with HP99 resulted in the increased expression of IL-8 mRNA by real-time RT-PCR. (C) During the coincubation, IL-8 secretion by Caco-2 cells infected with HP99 reached high values at approximately 4 hours of coincubation and remained high during further coincubation, up to 24 hours. The error bars indicate the standard error of the mean of triplicate samples, which were representative of three independent experiments.](gnl-09-358f3){#f3-gnl-09-358}

![Interleukin (IL)-8 mRNA and protein expression in AGS cells infected with wild-type (ATCC 60190) and cytotoxin-associated gene pathogenicity island (*cag*PAI)-depleted (CagA^−^ and CagE^−^) *Helicobacter pylori*. (A) IL-8 mRNA expression was decreased by infection with *cag*PAI knockdown strains compared to wild-type *H. pylori* in AGS cells at 5 hours after infection. (B) The IL-8 mRNA levels were significantly higher in the wild-type *H. pylori*-infected cells than in the *cag*PAI-depleted *H. pylori*-infected cells. (C) The knockdown mutants displayed a reduced capacity to mediate IL-8 release compared with the wild-type strain. (D) IκB-α degradation and IκB-α phosphorylation were reduced in the AGS cells infected with *cag*PAI-depleted *H. pylori* compared with those infected with the wild-type strain. (E) Nuclear factor κB (NF-κB) binding in AGS cells infected with the *cag*PAI knockdown strain was reduced compared with binding in cells infected with the wild-type strain. The error bars indicate the standard error of the mean of triplicate samples, which were representative of three independent experiments. \*p\<0.05.](gnl-09-358f4){#f4-gnl-09-358}

![Interleukin (IL)-8 mRNA expression and IL-8 production in dominant-negative nucleotide binding oligomerization domain 1 (DN-Nod1) stably transfected AGS cells infected with HP99. (A) IL-8 mRNA expression in DN-Nod1 stably transfected AGS cells was reduced compared with that in the controls. (B) At 4 hours after infection, IL-8 mRNA expression in DN-Nod1 stably transfected AGS cells was reduced compared with the control vector-transfected cells, as determined by real-time reverse transcription-polymerase chain reaction (RT-PCR). (C) IL-8 secretion by the DN-Nod1 stably transfected AGS cells was reduced compared with the control vector-transfected cells. (D) IκB-α degradation and IκB-α phosphorylation were reduced in the DN-Nod1 stably transfected Caco-2 cells compared with the controls. (E) Nuclear factor κB (NF-κB) binding in the DN-Nod1 stably transfected Caco-2 cells was reduced compared with that in the controls. The error bars indicate the standard error of the mean of triplicate samples, which were representative of three independent experiments. Control vector, pcDNA3.](gnl-09-358f5){#f5-gnl-09-358}

![Interleukin (IL)-8 mRNA expression and IL-8 production in dominant-negative nucleotide binding oligomerization domain 1 (DN-Nod1) stably transfected Caco-2 cells infected with HP99. (A) IL-8 mRNA expression in DN-Nod1 stably transfected Caco-2 cells was reduced compared with that in the controls. (B) IL-8 mRNA expression in DN-Nod1 stably transfected Caco-2 cells was reduced compared with that in the controls, as determined by real-time reverse transcription-polymerase chain reaction (RT-PCR). (C) IL-8 secretion by the DN-Nod1 stably transfected Caco-2 cells was reduced compared with that in controls. The error bars indicate the standard error of the mean (SEM) of triplicate samples, which were representative of three independent experiments. Control vector, pcDNA3.](gnl-09-358f6){#f6-gnl-09-358}

![Interleukin (IL)-8 mRNA and protein expression in dominant-negative nucleotide binding oligomerization domain 1 (DN-Nod1) stably transfected AGS cells infected with cytotoxin-associated gene pathogenicity island (*cag*PAI)-depleted *Helicobacter pylori*. (A) Decreased expression of IL-8 mRNA in DN-Nod1 stably transfected AGS cells infected with the *cag*PAI knockdown strain was observed compared with the expression levels in cells infected with wild-type ATCC 60190. (B) IL-8 mRNA expression in DN-Nod1 stably transfected AGS cells infected with *cag*PAI-depleted *H. pylori* was reduced compared with the expression in cells infected with wild-type ATCC 60190, as determined by real-time reverse transcription-polymerase chain reaction analysis. (C) DN-Nod1 stably transfected AGS cells infected with the *cag*PAI knockdown strain displayed a reduced capacity to mediate IL-8 secretion compared with cells infected with wild-type ATCC 60190. The error bars indicate the standard error of the mean of triplicate samples, which were representative of three independent experiments. \*p\<0.05.](gnl-09-358f7){#f7-gnl-09-358}

![Transepithelial electrical resistance in wild-type control vector-transfected cells and dominant-negative nucleotide binding oligomerization domain 1 (DN-Nod1) stably transfected Caco-2 cells. The change in the electrical resistance of DN-Nod1 stably transfected Caco-2 cells was lower than that of the control vector-transfected Caco-2 cells. The error bars indicate the standard error of the mean (SEM) of quadruplicate samples, which were representative of four independent experiments. Control vector, pcDNA3. \*p\<0.05.](gnl-09-358f8){#f8-gnl-09-358}

![Transepithelial neutrophil migration during HP99 infection in wild-type control vector-transfected cells and dominant-negative nucleotide binding oligomerization domain 1 (DN-Nod1) stably transfected Caco-2 cells. The quantification of transepithelial migration of neutrophils after HP99 infection in a polarized inverted Caco-2 monolayer showed that neutrophil migration in DN-Nod1 transfected Caco-2 cells was reduced compared with that in control vector-transfected Caco-2 cells. The error bars indicate the standard error of the mean (SEM) of quadruplicate samples, which were representative of four independent experiments. Control vector, pcDNA3. \*p\<0.05.](gnl-09-358f9){#f9-gnl-09-358}
